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ABSTRACT
Title of the thesis: Nonlinear Finite Element Micro mechanic Analysis of

Thermoplastic Composite of Recycled High Density Polyethylene
Reinforced with Short Glass Fibers
This thesis studied the nonlinear micromechanic behavior of
thermoplastic composite of recycled high density polyethylene (HDPE)
reinforced with short glass fibers using finite element method. The composite
material was modeled using a micromechanic unit cell to simulate the stress
distribution between the plastic matrix and the fiber in the composite.
Nonlinear behavior of recycled HDPE and imperfect bonding between the
fiber and matrix were investigated. Load-bearing capability of the fiber was
evaluated using stress partition ratio (SPR) in the composite models. The
effect of fiber aspect ratio on the stress distribution of the composite was
studied to optimize the material performance. The strength of the composites
with perfect and imperfect bonding were predicted, respectively.
The following conclusions were drawn according to the nonlinear finite
element analysis:
1. With the increase of external stress, the average stresses both in
matrix and in fiber increased, in the cases of both perfect and imperfect

Ill

bonding. The stress supported by fibers is much higher than that by recycled
HDPE matrix.
2. When a composite with imperfect bonding was applied with
external stress, the stress in fiber was much lower, and the stress in matrix
was much higher than that in the composite with perfect bonding, at the same
level of external stress.

3. Stress partition ratio can be used effectively as a means of
evaluating the strength of the composite. As the fiber aspect ratio increased,
the stress partition ratio increased consistently for the composite with perfect
bonding.
4. In the case of imperfect bonding, the stress partition ratio increased
up to a fiber aspect ratio of 150, and leveled off as the fiber aspect ratio
increased.

5. Under the perfect bonding condition, the predicted strength of the
composite increased consistently with an increasing fiber aspect ratio from

50 to 298.
6. Under the condition of 20% de bonding, the predicted strength of the
composite increased as the fiber aspect ratio increased up to 150. However,
further increasing fiber aspect ratio may not raise the composite strength.

lV

Therefore, the aspect ratio of 150 for glass fiber may offer the optimum
strengthening for the composite.
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CHAPTERl
Introduction
The environment of the United States has been harmed by the
throwaway culture. It is reported that the trash discarded by every U.S.
consumer each day was more than 4 pounds in 1990, 80 percent of which
were sent to landfills (Anderson & Burnham, 1992). Unfortunately, the pace
of landfill construction has been dramatically slowed down due to rising costs
and public opposition.
To deal with the solid waste crisis, there are four options: source
reduction, recycling, incineration, and landfilling, in which recycling has been
identified as the centerpiece of the cure. As a part of the solid waste, plastics
constitute up to 20 percent by volume (Ruckelshaus, 1991). It is estimated
that the United States currently produces about 60 billion pounds of plastic
each year. By t11e year 2000, that figure will increase to 76 billion pounds -nearly 300 pounds of plastics per capita (Scott, 1991 ). Therefore, plastic
recycling will play a significant role in solving tl1e solid waste crisis. The
plastic industry has set a goal to make plastics one of the most recycled
materials by the year 2000 (Hanson, 1991 ).
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A typical problem with plastic recycling is that recycled plastics often
possess relatively poor mechanical properties in comparison with products
made from virgin materials. The bottleneck for the success of plastic
recycling is the technology of developing new materials and products from
the recycled plastics. To improve the behavior of the recycled plastics, an
experimental study on thermoplastic composites of recycled high density
polyethylene (HDPE) reinforced with short glass fibers has been conducted
with a support from the Illinois Department of Energy and Natural Resources
(Liu & Waskom, 1993). The new composites of recycled plastics have
properties superior to the plastics without reinforcement.

1.1 Significance of the Research
To optimize the behavior of the composites and to reduce the material
development cost, a comprehensive understanding of the role of fibers in the
composite is required. It is known that the experimental study of a new
material is time-consuming and expensive. To reduce time and cost for new
material development from recycled plastics, finite element method (FEM)
can be used for simulating the material and evaluating its stress, strain, and
deformation. With the use of finite element method for micromechanic
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analysis, the composite structure and properties are studied in a microscopic
scale to understand the composite behavior, especially the reinforcing effects
of the fibers. Furthermore, the material properties can be simulated,
predicted, and tailored for various applications before time-consuming and
expensive experiments take place. Therefore, the time and cost for
experiments can be reduced and the material development from recycled
plastics can be significantly expedited.

1.2 Statement of the Research
The objective of this research was to analyze the micromechanic
behavior of thermoplastic composite of recycled high density polyethylene
(HDPE) reinforced with short glass fibers using finite element method. The
composite material was modeled using a micromechanic unit cell. The unit
cell was analyzed using finite element method to simulate the stress
distribution between the plastic matrix and the reinforcement in the
composite. Nonlinear behavior of recycled HDPE matrix and imperfect
bonding between the matrix and the fiber in the composite were considered.
Load-bearing capability of the reinforcement was investigated using stress
partition ratio (SPR) in the composite model. The effect of fiber aspect ratio
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on the stress distribution of the composite was studied to optimize the
material performance. The strength of the composites with perfect and
imperfect bonding was predicted, respectively.

1.3 Definitions
Finite Element Method (FEM)/ Finite Element Analysis (FEA). A
munerical analysis technique for obtaining approximate solutions to many
engineering problems. In finite element analysis, the region of interest is
divided into connected subregions or elements within which approximate
functions are used to represent the unknown quantity. The finite elements are
interconnected at a discrete number of grid points. Discretizing the structure
is called finite element modeling.
Composite Material. A combination of two or more materials,
differing in fonn or composition on a macroscale.
High Density Po1y-.e1h..vlene (HDPE). This term generally refers
polyethylene of density from about 0.94 to 0.96 g/cm3 .
GJas.s_Fiber. A fiber spun from an inorganic product of fusion that has
cooled to a rigid state without crystallizing.
Fiber Asp_ect Ratio _(a). A ratio of fiber length to its diameter.
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Stress Partition Ratio (SPR). A ratio of the average stress in fiber to
the average stress in matrix of a composite.

1.4 Assumptions
The general assumptions involved in the analysis are the following:
(1) The embedded fibers are transversely isotropic and the surrounding
matrix is isotropic.
(2) The embedded fibers exhibit a linear elastic behavior whereas the
surrounding recycled HDPE matrix exhibits a nonlinear elastic behavior.

1.5 Limitation
In this research, the composite material was modeled using a
micromechanic unit cell. To simplify the structural model, the unit cell
consists of only one single glass fiber and its surrounding recycled HDPE
matrix.

1.6 Delimitations
In this research, nonlinear behavior of the composite matrix was
considered. The effects of a perfect bonding and an imperfect bonding
between the fiber and the matrix were investigated, respectively.
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1. 7 Hypotheses
The hypotheses in the research are:
(1) With the increase of the fiber aspect ratio, the average stress in
matrix decreases, while the average stress in fiber increases.
(2) With the increase of the fiber aspect ratio, the stress partition ratio
mcreases.
(3) The strength of the composite material increases with increasing
fiber aspect ratio.

Nonlinear Finite Element Analysis
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CHAPTER2
Literature Review
As the United States is running short of landfill capacity, the issue of
plastic recycling becomes a major concern for the nation (Lodge & Rayport,
1991 ). It is estimated that one of the largest component in solid waste is
packaging, and plastics account for 11 percent of packaging waste by weight
and 20 percent of municipal solid waste by volume (Stone, Sagar & Ashford,
1992). Therefore, recycling plastics will play a significant role in reducing
solid waste flow to landfills. However, recycled plastics have relatively poor
properties compared with their virgin counterparts because of repeated
heating or mechanical stress and an additional thermal history imposed when
recycling (Stone, Sagar & Ashford, 1992). In order to reuse recycled
plastics, improvement of material performance is necessary.
One way to improve properties of recycled plastics is to produce
composites of recycled plastics reinforced by fibers. Reinforced polymer
composites are widely used in the aerospace industry because they combine
stiffness and strength with low density (Calvert, 1992). A new material
called thermoplastic composite of recycled high density polyethylene (HDPE)

Nonlinear Finite Element Analysis
8
reinforced with short glass fibers (Liu & Waskom, 1993) has been studied
currently. To gain a comprehensive understanding of the properties of the
new material, a micromechanic analysis of the material using finite element
method is effective.
Finite element analysis (FEA) is a numerical tool that can be applied
effectively to analyze many physical and mathematical models for engineers
and scientists. This method relies on numbers derived from models on a
computer rather than from real objects measured with instruments, and solves
a problem through numerical solution involving iterative calculation.
Though finite element method has been used successfully to analyze
traditional engineering materials and composites, the nonlinear finite element
micromechanic analysis of recycled plastic composite with imperfect bonding
is a completely new field.
An analytical model was developed by Shahib and Chang (1993) to
analyze the fiber-reinforced organic matrix composite laminates by nonlinear
finite element analysis. The model could calculate the stress and strain
distributions inside the laminate and predict the state of damage and the mode
of failure in the laminate as a function of applied loads. Li (1989) used finite
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element method to investigate the incremental method on nonlinear elasticity
for the case of a small body force. He proved the convergence of incremental
method and obtained error estimates.
A finite element based procedure was presented by Wu, Shephard,
Dvorak, and Bahei-El-Din (1989). This procedure accounted for
micromechanical nonlinear behavior of the matrix material in continuous fiber
reinforced composites. The micromechanical model was a periodic
hexagonal array of elastic fibers embedded in an elastic-plastic matrix
material. The procedure was applied to a number of metal matrix composite
systems subjected to thermomechanical loads. Aboudi (1990) conducted a
micromechanical analysis to determine overall response of unidirectional
composites with nonlinearly viscoelastic resins. The method was
implemented to predict the nonlinear viscoelastic behavior of unidirectional
glass/epoxy and graphite/epoxy composites subject to various types of
loading conditions. The predicted response was compared with a finite
element solution and a good agreement between the two methods was shown.
Moser and Schmid (1989) developed a micromechanical model in
order to evaluate characteristic data for the constituent fiber and matrix for
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the analysis of laminated composite structures. This micromechanical model
was related to their macromechanical models for the analysis of laminated
composite structures using finite element method. Using a relatively large
finite element mesh size, Choi and Kwak (1990) proposed a new criterion to
determine the strain at the end of strain softening, which reduced the
numerical errors associated with the tension stiffening effect. In the study by
Lefik and Schrefler (1994), a theoretical 3-D finite element model of a beam
of unidirectional composites was presented. In this study, an effective
material coefficient for the constitutive equation was computed and a
description of the stresses on the level of the periodic microstructure was
given.
The influence of the fiber arrangement on the microscale stress and
strain fields and on the overall thermoelastoplastic properties of two classes
of unidirectional metal matrix composites was investigated (Bohm,
Rammerstorfer, & Weissenbek, 1993). Based on the nonlinear response of
periodically repeating unit cells, a micromechanical approach employing
finite element method was used. By applying suitable boundary conditions,
continuously and discontinuously reinforced composites were investigated, in
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which periodic hexagonal arrays as well as regular arrangements of parallel
fibers were considered. The computed microfields were shown to depend
noticeably on the microgeometry. Damage-related parameters such as the
hydrostatic microstresses, the interfacial stress distributions and the
shakedown limits showed a marked sensitivity to the fiber arrangement.
Shao (1993) performed a study on the application of finite element
analysis to fiber-reinforced composite of recycled high density polyethylene
(HDPE) under a small external load. In the study, a stress partition ratio
(SPR) has been introduced successfully to evaluate the load bearing
capability of fibers in the composite. Shao assumed that the constituents in
the composite exhibited a linear elastic behavior and the bonding between the
fibers and matrix was perfect. This research focused on the nonlinear
behavior of the matrix. An imperfect bonding between the fiber and matrix
was modeled in order to more closely simulate the realistic situation.
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CHAPTER3
Methodology
3.1 Materials
In this research, the composite material consists ofE-glass fiber and
recycled high density polyethylene (HDPE) matrix. The tensile stress-strain
behavior of the fiber and the matrix in the composite is shown in Figure l(a)
(Matthews & Rawlings, 1994) and Figure l(b) (Shah, 1984), respectively.
The figures indicate that glass fiber exhibits linear behavior while high density
polyethylene exhibits nonlinear behavior. It is also noted that the strength of
fiber is much higher than that of the matrix.

3.2 NASTRAN Description
A mainframe software NASTRAN which stands for NASA fil_ructural
Analysis (Nagy, 1989) was used in this research. It is a large-scale, general
purpose, digital computer software. It solves a variety of engineering
problems using finite element method, offering a wide range of analysis
capability, from linear static to nonlinear dynamic analysis. To perform finite
element analysis using NASTRAN, original data of a finite element stn1ctural
model and parameters should be input into a file with an extension of .dat. A
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Figure 1. Stress-strain curves for: (a) E-glass fiber, (b) Recycled HDPE.

Nonlinear Finite Element Analysis
14
typical data file is composed of three sections which must be assembled in the
following sequence: Executive Control Deck, Case Control Deck, and Bulk
Data Deck.
The purpose of Executive Control Deck is to identify the job and the
type of solution to be performed. A particular analysis capability, as
predefined by NASTRAN, is called the Rigid Format (RF). The RF's are
distinguished from one another by the assigned unique numbering system.
The desired RF is selected in the Executive Control Deck, by defining the
corresponding solution number on the SOL statement. In this research,
solution (SOL) number 66 was selected for nonlinear static analysis.
Executive Control Deck also declares the general conditions under which the
job is to be executed, such as maximum time allowed, type of system
diagnostics desired, restart conditions, and so on.
The purpose of the Case Control Deck is to define the subcase
structure for the problem, to make selections from the Bulk Data Deck, and to
place output requests for printing or plotting. Boundary conditions, loading
cases, and output selections are identified by set numbers and are selected via
Case Control statements.
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As the primary part of a NAS TRAN program, the Bulk Data Deck
contains the majority of the input data. All the data necessary to describe the
structure model, constraint conditions, and loading conditions are included in
the Bulk Data Deck. For example, a GRID entry defines the coordinate of a
geometric grid point, and a PLOAD4 entry defines a pressure-loading on the
end surface.

3.3 Finite Element Modeling
To analyze the micromechanic behavior of thermoplastic composite of
recycled high density polyethylene reinforced with short glass fibers, a
micromechanic unit cell of the composite was developed as shown in Figure
2. The matrix was considered as a rectangular block, and fiber as a cylinder.
The unit of micron (µm) was used for the dimensions of the model in order to
represent the actual fiber dimensions in the composite. Unidirectional
external loads were applied on the right end surface by pressure-loading. The
left end of the unit cell was constrained.
In this research, only single fiber of different lengths embedded with
HDPE matrix was considered. The fiber size of the composite was evaluated
in terms of Fiber Aspect Ratio (a) rather than fiber length. The fiber diameter
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D (Glass Fiber)

HDPE Matrix

External Load

FL

L

Figure 2. A micromechanic unit cell of thermoplastic composite of
recycled high density polyethylene reinforced with short glass fibers.
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(D) was kept identical as 16 µm, and the length of the fiber (FL) varied from
795 µm (1/32 in) to 4760 µm (6/32 in). In other words, the fiber aspect ratio
varied from 50 to 298 approximately. The total length of the unit cell (L) was
considered as the fiber length (FL) plus 160 µm. The fiber volume in the
matrix was approximated to 6 percent, by which the width of the matrix (W)
was determined for each model. In the research, six models with fiber aspect
ratio from 50 to 298 were constn1cted. Different external stresses were
applied on different models, until the stress caused the matrix failure.
Since the unit cell was geometrically symmetrical, modeling only a
quarter of the unit cell was sufficient, as shown in Figure 3. The origin of the
coordinate system was defined at the front lower left comer, with X, Y, and Z
axes as presented in the figure. To maintain the symmetry, the X-Z plane of
the model was constrained in Y direction, the X-Y plane in Z direction, and
the fiber axis in both Y and Z directions. For finite element analysis, the unit
cell was meshed by a finite number of structure elements, which were
interconnected by a finite munber of grid points. The total length of the unit
cell was divided in to 7 slices and 8 layers along the fiber direction, as shown
in Figure 3. Every 2 adjacent layers formed a slice. The 2 slices on both
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ends were pure recycled HOPE matrix. The grid points on each layer were
defined in Figure 4. Layers 0 and 7 have only 4 grid points, whereas layers 1
through 6 have 19 grid points.
The element numbers on each slice were defined in Figure 5. All the
elements in the models were solid elements defined by NASTRAN
commands ofCHEXAs and CPENTAs. A CHEXA defines connections of
six-sided solid element with 8 grid points, and a CPENTA defines
connections of five-sided solid element with 6 grid points. For example,
"CHEXA 11, 100, 12, 13, 17, 16, 32, 33, 37, 36" (Appendix A-6) defines a
sequential connection of 8 grid points 12, 13, 17, 16, 32, 33, 37, and 36
(Figure 4) to form element 11 (Figure 5). The "CPENTA 21, 200, 11, 27, 28,
31, 4 7, 48" (Appendix A-8) defmes a sequential connection of 6 grid points
11, 27, 28, 31, 47 and 48 (Figure 4) to form element 21 (Figure 5). The 2
slices on both ends of the model, i.e., the slices 1 and 7, were considered as
single CHEXA elements, numbered 1 and 2, respectively. The thickness of
elements 1 and 2 was kept constant as 80 µm. Each of the 5 slices between
the 2 ends was divided into 14 elements, among which, 8 CHEXAs and 2
CPENTAs were for the matrix, while other 4 CPENTAs at the lower left
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comer were for the fiber. For example, in slice 2, elements 11 through 20 are
for the matrix, and elements 21 through 24 are for the fiber. The same
geometric definition and meshing format were kept for all different models.
In this research, the bonding between the fiber and its surrounding
matrix was considered as perfect and imperfect, respectively. For perfect
bonding models, the elements for matrix and for fiber shared the same grid
points at the interface between matrix and fiber. For example, grid points 12,
29, 15 in Figure 4 are shared by the matrix elements 19 and 20 and the fiber
elements 22, 23 and 24 in Figure 5.
To simulate imperfect bonding between matrix and fiber, voids at each
end of the fiber and voids in the center of the matrix adjacent to the fiber were
formed. To create voids between matrix and fiber ends, additional grid points
were introduced. For instance, at the left end of the fiber, an additional set of
grid points (151, 152, 155, 257, 258, and 259) was created (Appendix B-2
and B-3) corresponding to the grid points (11, 12, 15, 27, 28, and 29) in the
model with perfect bonding (Appendix A-2 and A-3). The grid points 151,
152, 155, 257, 258, and 259 have the same Y and Z coordinates, but 0.5 µm
larger in X axis than grid points 11, 12, 15, 27, 28, and 29, respectively. In
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other words, a disk void with the same cross sectional area as the fiber and a
thickness of 0.5 µm was formed to represent the debonding at the fiber end.
In the same way, additional grid points 161, 162, 165, 167, 168, and 169

(Appendix B-5 and B-6) were created at the right end, which have the same
Y and Z coordinates but 0.5 µm shorter in X than grid points 111, 112, 115,
127, 128, and 129 (Appendix A-5). Therefore, a disk void is formed at the
fiber end. To create voids in the center of the matrix adjacent to the fiber,
two elements of CPENTA 59 and 60 (Figure 5) in slice 4 were deleted
(Appendix B-9), corresponding to the perfect bonding model (Appendix A-8).
Thus, a 20% debonding was resulted.

3.4 Programming of NASTRAN
Appendix A lists a program (.dat file ofNASTRAN) which was
executed for model six (a composite with fiber aspect ratio of 298) with
perfect bonding. Appendix Bis a list of program for a model with the same
conditions as model six in appendix A with the exception that a 20%
debonding existed between the matrix and fiber. The programs basically are
comprised of three sections in sequence: Executive Control Deck, Case
Control Deck, and Bulk Data Deck. In the Executive Deck, SOL 66 was
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selected for nonlinear static analysis. TIME 30 statement set 30 minutes as
maximum CPU and 1/0 time for running the program.
For nonlinear finite element analysis with NASTRAN, the major
feature is the requirement for the incremental loading and iterative processes
to obtain solution. SUBCASE statements were used in Case Control Deck to
achieve the incremental loading and iteration. The external load applied to
the model were subdivided into a number of incremental subcase loads by
Case Control statement LOAD. The algorithms "remember" the loads from
one subcase to the next. 8 subcases were used in the perfect bonding
program, and 5 subcases in the 20% debonding program. Within each
subcase group, LOAD statement was used to set identification numbers for
the corresponding external loads (PLOAD4) in the Bulk Data Deck. The
NLPARM statement defined an identification number for nonlinear analysis
iteration parameters corresponding to the NLPARM statement in the Bulk
Data Deck.

In Bulk Data Deck, the statement "PARAM, AUTOSPC, YES"
specified that singularities would be constrained automatically if they existed
in the stiffness matrix. NLPARM statements defined a set of parameters for
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nonlinear analysis iteration strategy. For example, "NLPARM,10, 1,, AUTO"
indicates that the identification number is 10, the number of increments is 1,
and the method for controlling stiffness matrix updates is "AUTO," i.e., the
program automatically selects the most efficient strategy based on
convergence rates. If the "SEMI" option is selected, the program for each
load increment: (1) performs a single iteration based upon the new load, (2)
updates the stiffness matrix, and (3) resumes the normal AUTO option.
The coordinates of all 122 grid points were defined by GRID entries.
For example, "GRID, 1,, 0.0, 0.0, 0.0" defines the grid point number 1 and its
coordinate of (0.0, 0.0, 0.0). All the elements were defined by the
connections of grid points in terms of CHEXA and CPENTA entries,
respectively. For instance, "CHEXA, 1, 100, 1, 2, 4, 3, 11, 14, 26, 23"
defines six-sided solid element 1 by connecting grid points 1, 2, 4, 3, 11, 14,
26 and 23 in sequence.
The PSOLID statements defined the properties of solid elements,
which were related to MATl. The MATl statements defined Young's
modulus and Poisson' s ratio for recycled HDPE matrix and glass fiber. The
MATSl specified the nonlinear stress-strain property for HDPE matrix in a
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curve fonn. In this research, nonlinear elastic analysis mode (NLELAST)
was selected for the type of material nonlinearity. The tabular ftmction for
the nonlinear material property of matrix is stated by the TABLES 1
statement. The data were converted from the stress-strain curve in Figure
l(b ), as shown in Table 1.
Table 1. Nonlinear Stress-Strain Behavior of Recycled HDPE
Strain(%)

0.0

0.8

1.5

2.5

3.8

Stress (psi)

0.0

300

500

700

900

Stress(MPa)

0.0

2.069

3.448

4.828

6.207

To define boundary conditions on the left end of the model and the 2
cut surfaces, entries SPCI, SPCADD, and GRDSET were used in the
programs. SPCl with identification number of 20 defined single point
constraints at the left end of the model, in which translations in X, Y, Z
directions were restricted. SPCl with number of 30 defined constraints of
grid points on the center line of the symmetric model which could move only
in X direction. The SPCl with munber of 40 defined the constraints ofX-Y
plane, and the SPCl with number of 50 defined the constraints ofX-Z plane.
The SPCADD combined all the above constraints, which had an identification
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number of 100 corresponding to the statement "SPC=lOO" in the Case
Control Deck. Finally, the GRDSET statement restricted all the grid points
by rotations around X, Y, and Z axes.
At the end of the program, PLOAD4 statements defined specific
pressure loads on the face of element CHEXA 2 for every subcase. For
example, "PLOAD4, 10, 2, 8.276£-6,,,,131, 134, 0, 1.0, 0.0, 0.0" defined a
pressure load of 8.276 MPa (8.276xl0-6 N/(µm)2) in SUBCASE 1 with
LOAD=lO, on element 2 with two comer points of 131and134. The
direction of the load followed in the vector of 1.0, 0.0, 0.0.

3.5 Data Analysis
After successfully running each model, a bulk of data was stored in a
file with an extension of .ID6. In this research, only von Mises principal
stress of every element was utilized. For each model, average stresses in
fiber and in matrix for every slice were calculated. Then the average stresses
in fiber and in matrix in the center of the unit cell were computed. A stress
partition ratio of the model was calculated as well. Finally, the variations of
fiber stresses, matrix stresses, and stress partition ratios with fiber aspect ratio
were depicted.
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The von Mises criterion was used to measure the equivalent stresses of
the elements on both fiber and matrix according to Equation 1.

(1)

where a 1' a 2 and a 3 are principal stress, respectively.
The concept and equations of volume-average stress 0 (Tsai & Hahn,
1980) were used to analyze the results. The total length of the unit cell was
divided into 7 slices along the fiber direction. The volume-average stresses in
fiber 0 and in matrix 0 of each slice excluding those on both end slices
ft
mi
are defmed by Equations 2 and 3.
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of element ion slice i, respectively. The 0 and 0 are the average stresses
fl
ml
in fiber and in matrix of slice i, respectively.
The average stresses in fiber 0 and in matrix 0 of central 5 slices
f
m
were calculated by arithmetic mean by Equations 4 and 5.
6
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To measure the load-bearing capability of fiber and matrix, a Stress
Partition Ratio (SPR) of fiber to matrix was introduced as follow:

SPR

at
-(J
m

where 0 and 0 are the average stress in fiber and in matrix, respectively.
f
m
From the view point of composite strengthening, the larger the SPR is, the
higher strength the composite will possess.

(6)
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3.6 Strength Prediction
The failure of a composite material is initiated at the weakest point.
When a composite is loaded, the constituent fiber and matrix would share the
external load. Although the fiber bears much higher stress than the matrix
under any load, the stress in matrix increases with increasing external loads.
In this composite, recycled HDPE is much weaker than glass fibers. It was
speculated that the yield of the HDPE matrix would lead to the failure of the
entire composite. The tensile strength ofHDPE is 6.207 MPa (900 psi)
according to the stress-strain curve in Figure 1(b) (Shah, 19 84). If the stress
in matrix is equal to or higher than 6.207 MPa, the composite would be
considered to fail. The external load level that results in the failure of the
composite would be regarded as predicted strength of the composite. Figure
6 illustrates an example of variation of the average stress in matrix with
external stress for a composite. When external stress is 90 MPa, the average
stress in matrix reaches 6.207 MPa. Therefore, the strength of the composite
would be predicted as 90 MPa.
In this research, six models of the composite with perfect bonding and
20% debonding were applied with different external loads, respectively. For
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a particular model, the external pressure was applied incrementally by several
subcases until the average stress in matrix reached above 6.2 MPa. Therefore,
the magnitude of final external loads applied on different models were
different, because different composites of varying fiber aspect ratio offer
different strength.
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CHAPTER4
Results and Discussion
In this research, six models of composites with different fiber aspect

ratios were investigated. Perfect and imperfect bonding between the recycled
HDPE matrix and short glass fiber in the composite were considered. The
effects of fiber aspect ratio on fiber stress, matrix stress, and stress partition
ratio were analyzed, with a comparison between perfect bonding and
imperfect bonding. The strength of the composites was predicted for
composites with perfect bonding and 20% debonding.

4.1 Effect of External Stress
Figure 7 shows the variations of average stress in fiber and that in
matrix with external stress for a composite of fiber aspect ratio of 298 with
perfect bonding. With the increase of external stress, the average stresses
both in fiber and in matrix increased. However, it is noted that the fiber stress
was much larger than matrix stress. When a composite was loaded with
external stress, the stress the fiber supported was much larger. This is why
composites exhibit much higher strength than their matrix without fiber
reinforcement.

Nonlinear Finite Element Analysis
34

2000
,......_
('j

0...

61500
I-<
Cl)

.0

u::
i::::

·;1000

"'

~
......
en
Cl)
en

~

Cl)

500

>

-<
0
0

20

40

60

80

100

80

100

External Stress (MPa)
(a) Average stress in fiber.

7
,......_
('j

0...
~
..__,

6

·c

i><

5

~

4

'c;j

.5

"'"'
Cl)

I-<
......
en
Cl)
en

~
Cl)

>

-<

3

2
1
0
0

20

40

60

External Stress (MPa)
(b) Average stress in matrix.

Figure 7. Variations of average stresses with external stress for a composite of
fiber aspect ratio of 298 with perfect bonding: (a) fiber, (b) matrix.

Nonlinear Finite Element Analysis

35
In the case of 20% de bonding with a fiber aspect ratio of 298, the
variations of average stresses in fiber and in matrix with external load are
given in Figure 8. The increase of fiber stress and matrix stress occurred with
an increasing external stress as in perfect bonding. However, the stress in
fiber was much lower, and the stress in matrix was much higher than those in
the composite with perfect bonding, at the same level of external stress. This
means that the strength of the composite with imperfect bonding would be
much lower than that of the composite with perfect bonding. Therefore,
better bonding between fiber and matrix in composites would play a
significant role in strengthening the materials.
The load bearing capability of fiber is demonstrated by the variations of
stress partition ratios with external stress as shown in Figure 9. The stress
partition ratio increased with an increasing external stress for both perfect
bonding and imperfect bonding models. This is caused by the nonlinear
behavior of recycled HDPE matrix. As the external load increases, the
effective modulus of the matrix decreases, which is represented by the slope
of the curve for HDPE in Figure 1(b). This change results in a lower stress
carried by the matrix, or increased stress partition ratio when external load
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mcreases. Moreover, the stress partition ratio in the composite with perfect
bonding was as high as 250, whereas it reached only about 13 with 20%
de bonding.

4.2 Effect of Fiber Aspect Ratio
Figure 10 shows the variations of average stresses in fiber with fiber
aspect ratio for composites with perfect bonding and 20% debonding. The
perfect bonding model had an external load of28.97 MPa, and the model
with 20o/o de bonding had an external stress of 2.07 MPa. In both cases, the
fiber stress increased dramatically with the increase of fiber aspect ratio from
50 to 150, and then, the stress in fiber tended to be saturated.
Under the same external loading condition as in Figure 10, Figure 11
shows the variations of matrix stresses with fiber aspect ratio for composites
with perfect bonding and 20% debonding. For perfect bonding, the average
stress in matrix decreased consistently as fiber aspect ratio increased, as
shown in Figure l l(a). However the average stress in matrix of composite
with 20% debonding decreased dramatically as fiber aspect ratio increased up
to 150, as shown in Figure l l(b). It is noted that the stress in matrix
increased slightly after reaching a minimum at a fiber aspect ratio of 150.
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The variations of stress partition ratios with fiber aspect ratio for
composites with perfect bonding and 20% debonding are shown in Figure 12.
The external loading condition is the same as in Figure 10 and 11. In the case
of perfect bonding as shown in Figure 12(a), the stress partition ratio
increased consistently as the fiber aspect ratio increased. But for the
composite with 20o/o debonding (Figure 12(b)), the stress partition ratio
increased dramatically with an increasing fiber aspect ratio up to 150, and
then a platform appeared after fiber aspect ratio exceeded 150. This fact
implies that the load bearing capability of fibers increases with increasing
fiber aspect ratio if a perfect bonding exists. However, ifthere is 20%
debonding between the HOPE matrix and fiber, the load bearing ability of
fiber will not be increased effectively after the fiber aspect ratio reaches 150.

4.3 Effects of External Stress and Fiber Aspect Ratio
Figure 13 displays the variations of fiber stress with external stress for
composites of different fiber aspect ratios in the cases of perfect bonding and
20% debonding. In both cases, the fiber stress increased with external stress
for all the fiber aspect ratios.
Figure 14 shows the variations of matrix stress with external stress for
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six models in the cases of perfect bonding and 20% debonding. Average
stress in matrix increased with increasing external stress in both cases. Under
the perfect bonding condition, as fiber aspect ratio increased, the slope of the
curve decreased. Therefore, the composite with higher aspect ratio fiber will
be able to support higher external stress before it reaches the failure point of
the matrix. For the composite with 20°1<> debonding, on the contrary, all the
composites with different fiber aspect ratios had very similar matrix stress
responses to external loads. It seems that the change of fiber aspect ratio may
not affect matrix stress significantly in the case of imperfect bonding.
Figure 15 depicts the variations of stress partition ratio with external
stress for composites of different fiber aspect ratios with perfect bonding and
20% debonding. All the SPR-external stress curves were basically parallel.
As fiber aspect ratio increased, the stress partition ratio increased steadily in
the case of perfect bonding. However, in the case of 20% debonding, when
fiber aspect ratio reached 150, further increasing fiber aspect ratio made no
significant change in stress partition ratio. It is noted that the relationship
between the stress partition ratio and fiber aspect ratio applied to all the levels
of external loads. Therefore, a conclusion can be drawn that the composite
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with fiber aspect ratio of 150 would possess the optimum strengthening for
composites with imperfect bonding.

4.4 Prediction of Strength
With an increasing external stress, the stress in matrix increased in the
composites with perfect or imperfect bonding. Once the matrix stress
reached the failure point in either case, the composite might be regarded as a
failure. Therefore, the strength of the composite can be predicted according
to the relationship between external load and stress in matrix. With a fiber
aspect ratio of 298, the variations of average stresses in matrix for composites
with perfect bonding and 20% debonding were plotted in Figure 16. When
the average stress in matrix reached 6 .207 MPa which was the maximum
stress the matrix could support, the external stress for perfect bonding was
89 .4, and 7 .84 MPa for 20% debonding. In other words, the predicted
strength for the composite with perfect bonding is 89 .4 MPa, whereas that for
the composite with 20% debonding has dropped to 7.84 MPa.
Based upon the strength prediction method presented above as well as
the relationship between average stress in matrix and external stress shown in
Figure 14, strength of the composites with various fiber aspect ratios can be
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predicted. Figure 17 shows the predicted strength as a function of fiber
aspect ratio for the composites with perfect bonding and with 20%
debonding. For perfect bonding, the predicted strength increased linearly
with the increase of fiber aspect ratio, as shown in Figure 17(a). It means that
for composites of fiber aspect ratio ranging from 50 to 298, the higher the
fiber aspect ratio, the higher the strength of the composite. Nevertheless, in
the case of 20% de bonding, the predicted strength increased with an
increasing fiber aspect ratio up to 150, then the predicted strength leveled off
with the increase of fiber aspect ratio, as shown in Figure 17(b). It can be
concluded that under the condition of 20% de bonding, the strength of
recycled HDPE composite reinforced with short glass fiber may not exceed
7. 84 MPa. The optimum fiber aspect ratio of the composite should be about
150 for strengthening the recycled HDPE matrix.
Moreover, the predicted strength for the composites with 20%
debonding is much lower than that with perfect bonding. The difference can
be as much as 11 times at the fiber aspect ratio of 298. Therefore, in order to
strengthen recycled HDPE matrix, bonding condition between the matrix and
the fiber is a critical factor to be considered.
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Figure 17. Variations of predicted strength with fiber aspect ratio
for composites with: (a) perfect bonding, (b) 20% debonding.
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In comparison of Figure 17 with Figure 12, predicted strength as a
function of fiber aspect ratio is very similar to the relationship between the
stress partition ratio and fiber aspect ratio. Thus, it is concluded that stress
partition ratio is an effective means of evaluating fiber load bearing capability
or governing composite strength.
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CHAPTERS
Conclusions
The following conclusions were made according to the nonlinear finite
element micromechanic analysis of thermoplastic composite of recycled high
density polyethylene reinforced with short glass fibers.
1. With the increase of external stress, the average stresses both in
matrix and in fiber increased, in the cases of both perfect and imperfect
bonding. The stress supported by fibers is much higher than that by recycled
HDPE matrix.
2. When a composite with imperfect bonding was applied with
external stress, the stress in fiber was much lower, and the stress in matrix
was much higher than that in the composite with perfect bonding, at the same
level of external stress.
3. Stress partition ratio can be used effectively as a means of
evaluating the strength of the composite. As the fiber aspect ratio increased,
the stress partition ratio increased consistently for the composite with perfect
bonding.
4. In the case of imperfect bonding, the stress partition ratio increased
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up to a fiber aspect ratio of 150, and leveled off as the fiber aspect ratio
increased.
5. Under the perfect bonding condition, the predicted strength of the
composite increased consistently with an increasing fiber aspect ratio from
50 to 298.

6. Under the condition of 20% debonding, the predicted strength of the
composite increased as the fiber aspect ratio increased up to 150. However,
further increasing fiber aspect ratio may not raise the composite strength.
Therefore, the aspect ratio of 150 for glass fiber may offer the optimum
strengthening for the composite.
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CHAPTER6
Recommendations for Further Study
The following recommendations for further study were made according
to this research:
1. For composites with imperfect bonding, the effects of debonding
level on the fiber stress, matrix stress, and stress partition ratio should be
studied.
2. The effects of fiber distribution on the fiber stress, matrix stress,
and stress partition ratio for the composites with both perfect and imperfect
bonding should be investigated.
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APPENDIX A
NASTRAN PROGRAM FOR MODEL SIX WITH PERFECT BONDING
$***EXECUTIVE CONTROL DECK***
$

IDHDPE, NLA
TIME 30
SOL66
CEND
$

$*** CASE CONTROL DECK***
$

TITLE=NONLINEAR ANALYSIS OF HDPE WITH PERFECT BONDING
SUBTITLE=MODEL SIX $FIBER LENGTH=6/32 IN
SEALL=ALL
SPC=lOO
STRESS (VONMISES)=ALL
$

SUBCASE 1
LABEL=PRESSURE LOAD OF 1200 PSI
LOAD=lO
NLPARM=lO
SUBCASE 2
LABEL-PRESSURE LOAD OF 3200 PSI
LOAD=20
NLPARM=30
SUBCASE 3
LABEL=PRESSURE LOAD OF 5200 PSI
LOAD=30
NLPARM=30
SUBCASE4
LABEL=PRESSURE LOAD OF 7200 PSI
LOAD=40
NLPARM=30
SUBCASE 5
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LABEL=PRESSURE LOAD OF
LOAD=50
NLPARM=30
SUBCASE 6
LABEL=PRESSURE LOAD OF
LOAD=60
NLPARM=30
SUBCASE 7
LABEL=PRESSURE LOAD OF
LOAD=70
NLPARM=30
SUBCASE 8
LABEL=PRESSURE LOAD OF
LOAD=80
NLPARM-30
BEGIN BULK

9200 PSI

10800 PSI

12400 PSI

14000 PSI

$

$***BULK DATA DECK***
$

$PARAMETERS FOR SINGULARITIES
PARAM,AUTOSPC,YES
$PARAMETERS FOR NONLINEAR ITERATIONS
NLPARM,10,1,,AUTO
NLPARM,30, 16,,SEMI
$

$DEFINE GRID LOCATIONS
GRID,1,,0.0,0.0,0.0
GRID,2,,0.0,28.0,0.0
GRID,3,,0.0,0.0,28.0
GRID,4,,0.0,28.0,28.0
GRID,11,,80.0,0.0,0.0
GRID,12,,80.0,8.0,0.0
GRID,13,,80.0,18.0,0.0
GRID,14,,80.0,28.0,0.0
GRID,15,,80.0,0.0,8.0
GRID,16,,80.0,8.0,8.0
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GRID,17,,80.0,18.0,8.0
GRID,18,,80.0,28.0,8.0
GRID,19,,80.0,0.0,18.0
GRID,20,,80.0,8.0,18.0
GRID,21,,80.0, 18.0,18.0
GRID,22,,80.0,28.0,18.0
GRID,23,,80.0,0.0,28.0
GRID,24,,80.0,8.0,28.0
GRID,25,,80.0, 18.0,28.0
GRID,26,,80.0,28.0,28.0
GRID,27 ,,80.0,4.0,0.0
GRID,28,,80.0,0.0,4.0
GRID,29,,80.0,5.656,5.656
GRID,31,,1032.0,0.0,0.0
GRID,32,,1032.0,8.0,0.0
GRID,33,,1032.0,18.0,0.0
GRID,34,,1032.0,28.0,0.0
GRID,35,,1032.0,0.0,8.0
GRID,36,,1032.0,8.0,8.0
GRID,37 ,,1032.0,18.0,8.0
GRID,38,, 1032.0,28.0,8.0
GRID,39,,1032.0,0.0,18.0
GRID,40,,1032.0,8.0,18.0
GRID,41,, 1032.0, 18.0, 18.0
GRID,42,,1032.0,28.0,18.0
GRID,43,,1032.0,0.0,28.0
GRID,44,, 1032.0,8.0,28.0
GRID,45,,1032.0,18.0,28.0
GRID,46,, 1032.0,28.0,28.0
GRID,47,,1032.0,4.0,0.0
GRID,48,,1032.0,0.0,4.0
GRID,49,,1032.0,5.656,5.656
GRID,51,,1984.0,0.0,0.0
GRID,52,,1984.0,8.0,0.0
GRID,53,, 1984. 0, 18. 0,0. 0
GRID,54,,1984.0,28.0,0.0
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GRID,55,,1984.0,0.0,8.0
GRID,56,,1984.0,8.0,8.0
GRID,57 ,,1984.0,18.0,8.0
GRID,58,,1984.0,28.0,8.0
GRID,59,,1984.0,0.0,18.0
GRID,60,,1984.0,8.0,18.0
GRID,61,,1984.0,18.0,18.0
GRID,62,,1984.0,28.0,18.0
GRID,63,,1984.0,0.0,28.0
GRID,64,,1984.0,8.0,28.0
GRID,65,,1984.0,18.0,28.0
GRID,66,,1984.0,28.0,28.0
GRID,67,,1984.0,4.0,0.0
GRID,68,,1984.0,0.0,4.0
GRID,69,,1984.0,5.656,5.656
GRID,71,,2936.0,0.0,0.0
GRID,72,,2936.0,8.0,0.0
GRID,73,,2936.0,18.0,0.0
GRID,74,,2936.0,28.0,0.0
GRID,75,,2936.0,0.0,8.0
GRID,76,,2936.0,8.0,8.0
GRID,77,,2936.0,18.0,8.0
GRID, 78,,2936. 0,28.0,8. 0
GRID,79,,2936.0,0.0,18.0
GRID,80,,2936.0,8.0, 18.0
GRID,81,,2936.0,18.0,18.0
GRID,82,,2936.0,28.0,18.0
GRID,83,,2936.0,0.0,28.0
GRID,84,,2936.0,8.0,28.0
GRID,85,,2936.0,18.0,28.0
GRID,86,,2936.0,28.0,28.0
GRID,87 ,,2936.0,4.0,0.0
GRID,88,,2936.0,0.0,4.0
GRID,89,,2936.0,5.656,5.656
GRID,91,,3888.0,0.0,0.0
GRID,92,,3888.0,8.0,0.0
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GRID,93,,3888.0,18.0,0.0
GRID,94,,3888.0,28.0,0.0
GRID,95,,3888.0,0.0,8.0
GRID,96,,3888.0,8.0,8.0
GRID,97,,3888.0,18.0,8.0
GRID,98,,3888.0,28.0,8.0
GRID,99,,3888.0,0.0,18.0
GRID,100,,3888.0,8.0,18.0
GRID, 101,,3888.0, 18.0, 18.0
GRID,102,,3888.0,28.0,18.0
GRID,103,,3888.0,0.0,28.0
GRID, 104,,3888.0,8.0,28.0
GRID,105,,3888.0,18.0,28.0
GRID, 106,,3888.0,28.0,28.0
GRID,107,,3888.0,4.0,0.0
GRID,108,,3888.0,0.0,4.0
GRID,109,,3888.0,5.656,5.656
GRID,111,,4840.0,0.0,0.0
GRID,112,,4840.0,8.0,0.0
GRID,113,,4840.0,18.0,0.0
GRID,114,,4840.0,28.0,0.0
GRID,115,,4840.0,0.0,8.0
GRID,116,,4840.0,8.0,8.0
GRID,117,,4840.0,18.0,8.0
GRID,118,,4840.0,28.0,8.0
GRID,119,,4840.0,0.0,18.0
GRID,120,,4840.0,8.0,18.0
GRID, 121,,4840.0, 18.0, 18.0
GRID, 122,,4840.0,28.0, 18.0
GRID,123,,4840.0,0.0,28.0
GRID,124,,4840.0,8.0,28.0
GRID, 125,,4840.0, 18.0,28.0
GRID,126,,4840.0,28.0,28.0
GRID,127,,4840.0,4.0,0.0
GRID,128,,4840.0,0.0,4.0
GRID,129,,4840.0,5.656,5.656
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GRID,131,,4920.0,0.0,0.0
GRID,132,,4920.0,28.0,0.0
GRID, 133,,4920.0,0.0,28.0
GRID, 134,,4920.0,28.0,28.0

$
$DEFINE SIX-SIDED SOLID ELEMENTS
CHEXA,1,100,1,2,4,3, 11,14
,26,23
CHEXA,2,100,111,114,126,123,131,132
,134,133
CHEXA,11, 100,12,13, 17 ,16,32,33
,37,36
CHEXA,12,100,13,14,18,17 ,33,34
,38,37
CHEXA, 13, 100, 15, 16,20, 19,35,36
,40,39
CHEXA,14, 100,16,17 ,21,20,36,37
,41,40
CHEXA, 15, 100, 17, 18,22,21,37 ,38
,42,41
CHEXA, 16, 100, 19 ,20,24,23,39 ,40
,44,43
CHEXA,17 ,100,20,21,25,24,40,41
,45,44
CHEXA, 18, 100,21,22,26,25,41,42
,46,45
CHEXA,31, 100,32,33,37 ,36,52,53
,57 ,56
CHEXA,32, 100,33,34,38,37 ,53,54
,58,57
CHEXA,33,100,35,36,40,39,55,56
,60,59
CHEXA,34, 100,36,37 ,41,40,56,57
,61,60
CHEXA,35, 100,37 ,38,42,41,57 ,58
,62,61
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CHEXA,36, 100,39 ,40,44,43,59 ,60
,64,63
CHEXA,37,100,40,41,45,44,60,61
,65,64
CHEXA,38,100,41,42,46,45,61,62
,66,65
CHEXA,51, 100,52,53,57 ,56, 72, 73
,77 ,76
CHEXA,52,100,53,54,58,57, 73,74
,78,77
CHEXA,53, 100,55,56,60,59,75,76
,80,79
CHEXA,54,100,56,57 ,61,60,76,77
,81,80
CHEXA,55, 100,57 ,58,62,61,77 ,78
,82,81
CHEXA,56,100,59,60,64,63,79,80
,84,83
CHEXA,57 ,100,60,61,65,64,80,81
,85,84
CHEXA,58, 100,61,62,66,65,81,82
,86,85
CHEXA, 71, 100, 72, 73, 77, 76,92,93
,97,96
CHEXA, 72,100, 73, 74, 78, 77 ,93,94
,98,97
CHEXA, 73,100, 75, 76,80, 79,95,96
,100,99
CHEXA, 74, 100, 76, 77 ,81,80,96,97
,101,100
CHEXA, 75, 100, 77, 78,82,81,97 ,98
,102,101
CHEXA,76,100,79,80,84,83,99,100
,104,103
CHEXA, 77, 100,80,81,85,84, 100, 101
,105,104
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CHEXA, 78, 100,81,82,86,85, 101, 102
,106,105
CHEXA,91,100,92,93,97 ,96,112,113
,117,116
CHEXA,92,100,93,94,98,97 ,113,114
,118,117
CHEXA,93,100,95,96,100,99,115,l l6
,120,119
CHEXA,94,100,96,97 ,101,100,116,117
,121,120
CHEXA,95,100,97,98,102,101,117,118
,122,121
CHEXA,96, 100,99,100, 104,103,119, 120
'124,123
CHEXA,97,100,100,101,105,104,120, 121
,125,124
CHEXA,98, 100, 101, 102, 106, 105, 121, 122
,126,125
$

$DEFINE FIVE-SIDED SOLID ELEMENTS
CPENTA, 19, 100,29, 16, 15,49 ,36,35
CPENTA,20,100,12,16,29,32,36,49
CPENTA,21,200, 11,27 ,28,31,4 7 ,48
CPENTA,22,200,27 ,29 ,28,4 7 ,49 ,48
CPENTA,23,200,28,29, 15 ,48,49 ,35
CPENTA,24,200,12,29,27 ,32,49,4 7
CPENTA,39,100,49,36,35,69,56,55
CPENTA,40, 100,32,36,49 ,52,56,69
CPENTA,41,200,31,4 7 ,48,51,67 ,68
CPENTA,42,200,4 7 ,49 ,48,67 ,69 ,68
CPENTA,43,200,48,49,35,68,69,55
CPENTA,44,200,32,49,47 ,52,69,67
CPENTA,59 ,100,69,56,55,89, 76, 75
CPENTA,60,100,52,56,69,72, 76,89
CPENTA,61,200,51,67 ,68, 71,87 ,88
CPENT A,62,200,67 ,69 ,68,87 ,89 ,88
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CPENTA,63 ,200,68,69 ,5 5,88,89,7 5
CPENTA,64,200,52,69 ,67, 72,89 ,87
CPENTA,79,100,89,76,75,l09,96,95
CPENTA,80,100,72,76,89,92,96,l09
CPENTA,81,200, 71,87,88,91,107, 108
CPENTA,82,200,87,89,88,107, 109, 108
CPENTA,83,200,88,89,75,108,109 ,95
CPENTA,84,200, 72,89 ,87,92,109, 107
CPENTA,99,100,109,96,95,l29,116,115
CPENTA, 100, 100,92,96, 109, 112, 116, 129
CPENTA,101,200,91, 107 ,108,111,127 ,128
CPENTA,102,200,107, 109,108,127, 129 ,128
CPENTA, 103,200,108, 109,95,128, 129, 115
CPENTA, 104,200,92, 109, 107, 112, 129, 127

$
$SOLID CHARACTERISTICS
PSOLID,100,150,0
PSOLID,200,250,0
$MATERIAL PROPERTY DEFINITIONS
MATl, 150, 1.03E-3,,0.34
MAT1,250,72.41E-3,,0.22
MATS 1, 150, 15 ,NLELAS T
TABLESl,15
,0.0,0.0,.008,2.069E-6,.015,3 .448E-6,.025 ,4.828E-6
,.038,6.207E-6,ENDT
$DEFINITIONS OF SINGLE POINT CONSTRAINTS
SPCl ,20, 123, 1,2,3,4
SPCl,30,23,l,11,31,51,71,91
,111,131

$
SPCl,40,3,2,132
SPCl ,40,3, 12, 13, 14,32,33,34
SPCl ,40,3,52,53,54, 72,73, 74
SPCl,40,3,92,93,94,112,113,114
SPCl,40,3,27 ,47 ,67 ,87 ,107 ,127

$
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SPCl,50,2,3,133
SPCl ,50,2, 15, 19,23,35,39,43
SPCl ,50,2,55,59,63,75,79,83
SPCl,50,2,95,99,103,115,119,123
SPC 1,50,2,28,48,68,88, 108, 128
$
SPCADD, 100,20,30,40,50
GRDSET ,,,,,,,456
$
$DEFINE EXTERNAL LOADS
PLOAD4,10,2,8.276E-6,,,,131,134
,0,1.0,0.0,0.0
PLOAD4,20,2,22.07E-6,,,,13 l ,134
,0,1.0,0.0,0.0
PLOAD4,30,2,35.86E-6,,,,131,134
,0,1.0,0.0,0.0
PLOAD4,40,2,49.66E-6,,,,131, 134
,0, 1.0,0.0,0.0
PLOAD4,50,2,63.45E-6,,,,131, 134
,0,1.0,0.0,0.0
PLOAD4,60,2, 74.48E-6,,,,131, 134
,0,1.0,0.0,0.0
PLOAD4, 70,2,85.52E-6,,,,131, 134
,0, 1.0,0.0,0.0
PLOAD4,80,2,96.55E-6,,,,131,134
,0,1.0,0.0,0.0
ENDDATA
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APPENDIXB
NASTRAN PROGRAM FOR MODEL SIX WITH 20% DEBONDING
$***EXECUTIVE CONTROL DECK***
$
ID HDPE,NLA
TIME 30
SOL66
CEND
$
$*** CASE CONTROL DECK***
$
TITLE=NONLINEAR ANALYSIS OF HDPE WITH 20% DEBONDING
SUBTITLE-MODEL SIX $FIBER LENGTH=6/32 IN
SEALL ALL
SPC=IOO
STRESS (VONMISES)=ALL
$
SUBCASE 1
LABEL=PRESSURE LOAD OF 300 PSI
LOAD=lO
NLPARM=IO
SUBCASE2
LABEL=PRESSURE LOAD OF 500 PSI
LOAD=20
NLPARM=30
SUBCASE 3
LABEL=PRESSURE LOAD OF 700 PSI
LOAD=30
NLPARM=30
SUBCASE4
LABEL=PRESSURE LOAD OF 1000 PSI
LOAD=40
NLPARM=30
SUBCASE 5
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LABEL=PRESSURE LOAD OF 1350 PSI
LOAD=50
NLPARM=30
BEGIN BULK
$

$***BULK DATA DECK***
$

$PARAMETERS FOR SINGURARITIES
PARAM,AUTOSPC,YES
$PARAMETERS FOR NONLINEAR ITERATIONS
NLPARM, 10, 1,,AUTO
NLPARM,30, 16,,SEMI
$

$DEFINE GRID LOCATIONS
GRID,1,,0.0,0.0,0.0
GRID,2,,0.0,28.0,0.0
GRID ,3,, 0. 0 ,0. 0,28. 0
GRID,4,,0.0,28.0,28.0
GRID,11,,80.0,0.0,0.0
GRID,151,,80.5,0.0,0.0
GRID,12,,80.0,8.0,0.0
GRID,152,,80.5,8.0,0.0
GRID,13,,80.0,18.0,0.0
GRID,14,,80.0,28.0,0.0
GRID,15,,80.0,0.0,8.0
GRID,155,,80.5,0.0,8.0
GRID,16,,80.0,8.0,8.0
GRID,17,,80.0,18.0,8.0
GRID,18,,80.0,28.0,8.0
GRID,19,,80.0,0.0,18.0
GRID,20,,80.0,8.0,18.0
GRID,21,;80.0,18.0,18.0
GRID,22,,80.0,28.0,18.0
GRID,23,,80.0,0.0,28.0
GRID,24,,80.0,8.0,28.0
GRID,25,,80.0,18.0,28.0
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GRID,26,,80.0,28.0,28.0
GRID,27,,80.0,4.0,0.0
GRID,257,,80.5,4.0,0.0
GRID,28,,80.0,0.0,4.0
GRID,258,,80.5,0.0,4.0
GRID,29,,80.0,5.656,5.656
GRID,259,,80.5,5.656,5.656
GRID,31,,1032.0,0.0,0.0
GRID,32,,1032.0,8.0,0.0
GRID,33,,1032.0,18.0,0.0
GRID,34,,1032.0,28.0,0.0
GRID,35,, 1032.0,0.0,8.0
GRID,36,, 1032.0,8.0,8.0
GRID,37,,1032.0,18.0,8.0
GRID,38,, 1032.0,28.0,8.0
GRID,39,,1032.0,0.0,18.0
GRID,40,,1032.0,8.0,18.0
GRID,41,, 1032.0,18.0,18.0
GRID,42,,1032.0,28.0,18.0
GRID,43,,1032.0,0.0,28.0
GRID,44,, 1032.0,8.0,28.0
GRID,45,, 1032.0, 18.0,28.0
GRID,46,,1032.0,28.0,28.0
GRID,47,,1032.0,4.0,0.0
GRID,48,, 1032.0,0.0,4.0
GRID,49,, 1032.0,5 .656,5 .656
GRID,51,, 1984.0,0.0,0.0
GRID,52,,1984.0,8.0,0.0
GRID,520,,1984.0,7.99,0.0
GRID,53,,1984.0,18.0,0.0
GRID,54,,1984.0,28.0,0.0
GRID,55,,1984.0,0.0,8.0
GRID,550,,1984.0,0.0,7 .99
GRID,56,,1984.0,8.0,8.0
GRID,57,, 1984.0, 18.0,8.0
GRID,58,, 1984.0,28.0,8.0
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GRID,59,,1984.0,0.0,18.0
GRID,60,,1984.0,8.0,18.0
GRID,61,,1984.0,18.0,18.0
GRID,62,,1984.0,28.0,18.0
GRID,63,,1984.0,0.0,28.0
GRID,64,, 1984.0,8.0,28.0
GRID,65,,1984.0,18.0,28.0
GRID,66,,1984.0,28.0,28.0
GRID,67,, 1984.0,4.0,0.0
GRID,68,,1984.0,0.0,4.0
GRID,69,,1984.0,5.656,5.656
GRID, 71,,2936.0,0.0,0.0
GRID,72,,2936.0,8.0,0.0
GRID,720,,2936.0,7.99,0.0
GRID,73,,2936.0,18.0,0.0
GRID,74,,2936.0,28.0,0.0
GRID, 75,,2936.0,0.0,8.0
GRID,750,,2936.0,0.0,7 .99
GRID, 76,,2936.0,8.0,8.0
GRID, 77 ,,2936.0,18.0,8.0
GRID,78,,2936.0,28.0,8.0
GRID,79,,2936.0,0.0,18.0
GRID,80,,2936.0,8.0,18.0
GRID,81,,2936.0,18.0,l 8.0
GRID,82,,2936.0,28.0,18.0
GRID,83,,2936.0,0.0,28.0
GRID ,84 ,,2936. 0,8. 0,28. 0
GRID,85,,2936.0,18.0,28.0
GRID,86,,2936.0,28.0,28.0
GRID,87 ,,2936.0,4.0,0.0
GRID,88,,2936.0,0.0,4.0
GRID,89,,2936.0,5.656,5.656
GRID,91,,3888.0,0.0,0.0
GRID,92,,3888.0,8.0,0.0
GRID,93,,3888.0,18.0,0.0
GRID,94,,3888.0,28.0,0.0
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GRID,95,,3888.0,0.0,8.0
GRID,96,,3888.0,8.0,8.0
GRID,97,,3888.0,18.0,8.0
GRID,98,,3888.0,28.0,8.0
GRID,99,,3888.0,0.0,18.0
GRID,100,,3888.0,8.0,18.0
GRID, 101,,3888.0,18.0, 18.0
GRID,102,,3888.0,28.0,18.0
GRID,103,,3888.0,0.0,28.0
GRID,104,,3888.0,8.0,28.0
GRID,105,,3888.0,18.0,28.0
GRID,106,,3888.0,28.0,28.0
GRID,107,,3888.0,4.0,0.0
GRID, 108,,3888.0,0.0,4.0
GRID,109,,3888.0,5.656,5.656
GRID,111,,4840.0,0.0,0.0
GRID,161,,4839.5,0.0,0.0
GRID,112,,4840.0,8.0,0.0
GRID,162,,4839.5,8.0,0.0
GRID,113,,4840.0,18.0,0.0
GRID,114,,4840.0,28.0,0.0
GRID,115,,4840.0,0.0,8.0
GRID,165,,4839.5,0.0,8.0
GRID,116,,4840.0,8.0,8.0
GRID,117 ,,4840.0,18.0,8.0
GRID,118,,4840.0,28.0,8.0
GRID,119,,4840.0,0.0,18.0
GRID,120,,4840.0,8.0,18.0
GRID, 121,,4840.0,18.0, 18.0
GRID,122,,4840.0,28.0,18.0
GRID,123,,4840.0,0.0,28.0
GRID,124,,4840.0,8.0,28.0
GRID,125,,4840.0,18.0,28.0
GRID,126,,4840.0,28.0,28.0
GRID,127 ,,4840.0,4.0,0.0
GRID,167 ,,4839.5,4.0,0.0
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GRID,128,,4840.0,0.0,4.0
GRID,168,,4839.5,0.0,4.0
GRID,129,,4840.0,5.656,5.656
GRID,169,,4839.5,5.656,5.656
GRID,131,,4920.0,0.0,0.0
GRID,132,,4920.0,28.0,0.0
GRID,133,,4920.0,0.0,28.0
GRID,134,,4920.0,28.0,28.0
$

$DEFINE SIX-SIDED SOLID ELEMENTS
CHEXA,1,100,1,2,4,3,11,14
,26,23
CHEXA,2,100,111,114,126,123,131,132
,134,133
CHEXA,11,100,12,13,17,16,32,33
,37,36
CHEXA,12,100,13,14,18,17,33,34
,38,37
CHEXA,13,100,15,16,20,19,35,36
,40,39
CHEXA,14,100,16,17,21,20,36,37
,41,40
CHEXA,15,100,17,18,22,21,37,38
,42,41
CHEXA, 16, 100, 19 ,20,24,23 ,39 ,40
,44,43
CHEXA,17,100,20,21,25,24,40,41
,45,44
CHEXA,18,100,21,22,26,25,41,42
,46,45
CHEXA,31,100,32,33,37 ,36,52,53
,57,56
CHEXA,32, 100,33,34,38,37 ,53,54
,58,57
CHEXA,33,100,35,36,40,39,55,56
,60,59
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CHEXA,34, 100,36,37 ,41,40,56,57
,61,60
CHEXA,35, 100,37 ,38,42,41,57 ,58
,62,61
CHEXA,36,100,39,40,44,43,59,60
,64,63
CHEXA,37 ,100,40,41,45,44,60,61
,65,64
CHEXA,38,100,41,42,46,45,61,62
,66,65
CHEXA,51,100,52,53,57 ,56, 72, 73
,77,76
CHEXA,52,100,53,54,58,57, 73,74
,78,77
CHEXA,53,100,55,56,60,59,75,76
,80,79
CHEXA,54,100,56,57 ,61,60,76,77
,81,80
CHEXA,55, 100,57 ,58,62,61,77 ,78
,82,81
CHEXA,56, 100,59,60,64,63, 79,80
,84,83
CHEXA,57, 100,60,61,65,64,80,81
,85,84
CHEXA,58,100,61,62,66,65,81,82
,86,85
CHEXA, 71,100,72,73,77, 76,92,93
,97,96
CHEXA,72, 100, 73, 74, 78,77 ,93,94
,98,97
CHEXA, 73,100, 75,76,80, 79 ,95,96
,100,99
CHEXA,74, 100,76,77 ,81,80,96,97
,101,100
CHEXA,75, 100,77 ,78,82,81,97 ,98
,102,101
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CHEXA,76,100,79,80,84,83,99,100
,104,103
CHEXA, 77, 100,80,81,85,84,100,101
,105,104
CHEXA, 78,100,81,82,86,85,101,102
'106, 105
CHEXA,91,100,92,93,97,96,112,113
,117,116
CHEXA,92,100,93,94,98,97 ,113,114
,118,117
CHEXA,93,100,95,96,100,99,115,116
,120,119
CHEXA,94, 100,96,97, 101, 100, 116, 117
,121,120
CHEXA,95,100,97 ,98,102,101,117 ,118
,122,121
CHEXA,96,100,99,100,104,103,119,120
,124,123
CHEXA,97, 100, 100,101, 105, 104, 120, 121
,125,124
CHEXA,98,100, 101,102, 106, 105, 121, 122
,126,125
$

$DEFINE FIVE-SIDED SOLID ELEMENTS
CPENTA, 19, 100,29, 16, 15,49 ,36,35
CPENTA,20, 100, 12, 16,29,32,36,49
CPENTA,21,200, 151,257 ,258,31,4 7,48
CPENTA,22,200,257 ,259 ,25 8,4 7,4 9 ,48
CPENTA,23,200,258,259,155,48,49,35
CPENTA,24,200, 152,259 ,257 ,32,49 ,4 7
CPENTA,39,100,49,36,35,69,56,55
CPENTA,40, 100,32,36,49,52,56,69
CPENTA,41,200,31,47 ,48,51,67 ,68
CPENTA,42,200,4 7,49,48,67 ,69,68
CPENTA,43,200,48,49,35,68,69,55
CPENTA,44,200,32,49,4 7,52,69,67
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CPENTA,61,200,51,67 ,68, 71,87 ,88
CPENTA,62,200,67 ,69 ,68,87 ,89 ,88
CPENTA,63,200,68,69,550,88,89,750
CPENTA,64,200,520,69 ,67, 720,89 ,87
CPENTA, 79,100,89,76,75,109,96,95
CPENTA,80, 100,72, 76,89,92,96,109
CPENTA,81,200, 71,87,88,91,107, 108
CPENTA,82,200,87 ,89,88,107 ,109,108
CPENTA,83,200,88,89,75,108,109,95
CPENTA,84,200, 72,89 ,87,92,109, 107
CPENTA,99,100,109,96,95,129,l l6,115
CPENTA,100,100,92,96,109,112,116,129
CPENTA,l 01,200,91,107 ,108,161,167 ,168
CPENTA,102,200, 107, 109,108, 167 ,169,168
CPENTA, 103,200, 108, 109,95,168, 169, 165
CPENTA, 104,200,92, 109, 107, 162, 169, 167
$

$SOLID CHARACTERISTICS
PSOLID,100,150,0
PSOLID,200,250,0
$MATERIAL PROPERTY DEFINITIONS
MATl ,150,1.03E-3,,0.34
MATl ,250,72.41E-3,,0.22
MATS 1, 150, 15,NLELAST
TABLESl,15
,0.0,0.0,.008,2.069E-6,.015,3 .448E-6,.025,4. 828E-6
,.038,6.207E-6,ENDT
$

$DEFINITIONS OF SINGLE POINT CONSTRAINTS
SPCl ,20, 123, 1,2,3,4
SPCl,30,23,1,11,31,51,71,91
,111,131
$

SPCl,40,3,2,132
SPC 1,40,3, 12, 13, 14,32,33,34
SPCl ,40,3,52,53,54, 72, 73, 7 4
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SPCl,40,3,92,93,94,112,113,114
SPCl,40,3,27 ,47 ,67 ,87 ,107 ,127
$
SPCl ,50,2,3,133
SPC 1,50,2, 15, 19 ,23,35,39 ,43
SPCl,50,2,55,59,63,75,79,83
SPCl,50,2,95,99,103,115,l l9,123
SPCl ,50,2,28,48,68,88, 108, 128
$

SPCADD, 100,20,30,40,50
GRDSET,,,,,,,456
$

$DEFINE EXTERNAL LOADS
PLOAD4,10,2,2.069E-6,,,,l 31, 134
,0,1.0,0.0,0.0
PLOAD4,20,2,3.448E-6,,,,131, 134
,0,1.0,0.0,0.0
PLOAD4 ,30,2,4. 828E-6,,,, 131, 134
,0,1.0,0.0,0.0
PLOAD4,40 ,2,6. 897E-6,,,, 131, 134
,0,1.0,0.0,0.0
PLOAD4,50,2,9 .31OE-6,,,,131,134
,0,1.0,0.0,0.0
ENDDATA

